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Effect  of  applied  stress  on  dissolution/precipitation  of  platinum  was  investigated.  Two  platinum 
wires/foils  were  partially  immersed  in  a  PtCU  solution  in  DMSO.  A  tensile  load  was  applied  to  one  wire/foil 
and  the  other  one  was  left  load  free.  The  wire/foil  subjected  to  a  tensile  load  developed  a  positive  poten¬ 
tial  (became  cathodic)  with  respect  to  the  unstressed  wire/foil.  This  observation  suggests  that  under  a 
tensile  stress,  the  chemical  potential  of  Pt  decreases.  This  result  suggests  design  strategies  for  core-shell 
catalysts  used  in  proton  exchange  membrane  fuel  cells  (PEMFCs).  Nanosize  catalyst  particles  are  under 
compression  due  to  the  Gibbs-Thompson  effect.  Core-shell  catalysts  have  additional  stresses  in  the  shell 
depending  upon  lattice  parameters  of  the  core  and  the  shell.  The  present  results  suggest  that  stable 
core-shell  catalysts  for  PEMFC  with  Pt  shell  should  be  designed  such  that  the  shell  is  under  a  tensile 
stress  (or  reduced  compression  compared  to  monolithic  catalyst  particles).  The  present  results  also  sug¬ 
gest  that  from  the  standpoint  of  stability,  the  lattice  parameter  of  the  core  should  be  larger  than  that  of 
the  shell. 
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1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  are  electro¬ 
chemical  devices  which  convert  chemical  energy  of  oxidation  of 
hydrogen  into  electrical  energy.  Typical  PEMFC  consist  of  a  poly¬ 
meric  proton  exchange  membrane  (e.g.  Nation)  as  the  electrolyte 
sandwiched  between  a  cathode  and  an  anode.  Considerable  work 
has  been  reported  on  PEMFC  over  the  past  two  decades.  Proton 
exchange  membrane  fuel  cells  (PEMFCs)  have  applications  in  trans¬ 
portation,  distributed  power,  and  portable  power.  In  automotive 
applications,  PEMFC  have  shown  considerable  promise  with  sev¬ 
eral  pilot  vehicles  having  demonstrated  cumulatively  hundreds  of 
thousands  of  road  miles.  In  portable  power,  excellent  performance 
has  also  been  shown  on  liquid  fuels,  especially  methanol. 

While  considerable  progress  has  been  made  over  the  past  two 
decades  in  PEMFC,  it  is  well  known  that  degradation  in  perfor¬ 
mance  occurs  over  time.  This  degradation  in  performance  has  a 
direct  bearing  on  the  ultimate  cost  of  PEMFC,  and  has  in  part  limited 
the  commercial  exploitation  of  PEMFC  on  a  large  scale.  There  are 
many  factors  which  influence  PEMFC  degradation.  These  include 
the  materials  used  in  PEMFC  and  the  operating  conditions.  Typi¬ 
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cally,  both  the  cathode  and  the  anode  of  a  PEMFC  contain  nanosize 
noble  metal  (Pt)  or  noble  metal  alloy  particles  supported  on  high 
surface  area  carbon.  One  of  the  reasons  for  alloying  Pt  with  non¬ 
noble  metals  is  to  reduce  the  Pt  loading  and  thus  lower  the  cost 
[1-8].  The  lowering  of  Pt  loading  can  also  be  achieved  by  making 
core-shell  catalysts  with  core  made  of  a  non-noble  metal  or  a  Pt 
alloyed  with  a  non-noble  metal  and  a  shell  of  Pt.  Considerable  work 
has  been  reported  on  core-shell  catalysts  [9-34]. 

Several  mechanisms  of  cathode  degradation  have  been  reported 
[35-46].  They  include:  (a)  detachment  of  catalyst  particles  from 
carbon  support  thus  rendering  them  electro-catalytically  inactive, 
(b)  Ostwald  ripening  of  particles,  (c)  Agglomeration  and  associated 
growth  (sintering)  of  particles,  (d)  Dissolution  of  the  catalyst  at  the 
cathode,  its  transport  and  precipitation  into  the  membrane.  All  of 
these  phenomena  lead  to  a  decrease  in  the  catalyst  surface  area, 
decrease  in  catalytic  activity,  and  thus  loss  in  performance.  Inso¬ 
far  as  the  operating  conditions  are  concerned,  studies  have  shown 
that  greater  degradation  occurs  at  open  circuit  than  when  the  fuel 
cell  is  under  load.  This  observation  has  important  implications  con¬ 
cerning  the  idling  characteristics  of  a  PEMFC.  It  is  also  known  that 
negligible  degradation  occurs  at  the  anode  even  when  its  compo¬ 
sition  is  substantially  the  same  as  the  cathode. 

Ostwald  ripening,  agglomeration  and  sintering,  and  precipi¬ 
tation  in  the  membrane  all  depend  upon  some  aspects  of  local 
dissolution  of  Pt,  its  transport,  and  its  precipitation  [47].  The  ther- 
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Fig.  1.  Mechanism  of  particle  growth  by  (a)  Ostwald  ripening  and  (b)  agglomer¬ 
ation/sintering.  Both  occur  by  a  coupled  transport  of  Pt2+  (or  Pt4+)  ions  through 
ionomer/aqueous  media  and  electron  transport  through  the  carbon  support  (or 
through  direct  particle  to  particle  contact).  Net  Pt  transport  occurs  from  smaller 
particles  to  larger  particles. 

modynamic  driving  force  for  agglomeration/sintering  and  Ostwald 
ripening  is  the  reduction  in  surface  energy  accompanying  particle 
growth.  This  phenomenon  leads  to  dissolution  of  smaller  parti¬ 
cles  and  growth  of  larger  particles.  Ostwald  ripening  occurs  by 
the  dissolution  of  particles  into  a  medium,  transport  through  the 
medium  and  deposition  on  larger  particles.  In  PEMFC,  transport  of 
electrically  neutral  Pt  occurs  via  a  coupled  process  involving  the 
transport  of  ions  (Pt2+  and/or  Pt4+)  through  an  ionomer/aqueous 
medium  and  a  parallel  (coupled)  transport  of  electrons  through  the 
carbon  support  [48].  In  agglomeration/sintering  a  similar  process 
occurs  where  ions  transport  through  ionomer/aqueous  medium 
and  electrons  transport  through  a  direct  particle-to-particle  con¬ 
tact.  Fig.  1  shows  schematics  of  the  growth  of  Pt  particles  by 
dissolution/precipitation  of  isolated  particles  (supported  on  high 
surface  area  carbon)  and  of  particles  in  direct  physical  contact  with 
each  other  (agglomeration/sintering).  The  fundamental  physical 
parameter  which  dictates  degradation  kinetics  is  the  electrochemi¬ 
cal  potential  of  Pt  ions,  which  depends  upon  the  chemical  potential 
of  Pt.  All  those  factors  which  lower  the  chemical  potential  of  Pt 
should  generally  decrease  the  kinetics  of  degradation,  and  all  those 
factors  which  increase  the  chemical  potential  of  Pt  should  increase 
the  kinetics  of  degradation. 

The  chemical  potential  of  a  species  depends  on  composition, 
temperature  and  pressure.  Alloying  Pt  with  other  metals  low¬ 
ers  the  chemical  potential  of  Pt.  Many  alloys  of  Pt  are  currently 
being  explored  for  application  as  PEMFC  catalysts  [1-8].  Hydro¬ 
static  stress  (pressure)  also  affects  the  chemical  potential.  This 
of  course  is  well  known  and  is  the  basis  of  the  Gibbs-Thompson 
equation  and  is  the  reason  for  the  occurrence  of  Ostwald  ripen¬ 
ing/agglomeration  [49].  The  dependence  of  chemical  potential  of 
Pt,  /xpt,  on  temperature,  composition  and  pressure  is  given  by  [49] 

MPt  =  +  RT  ln  QPt  +  PV™  (1) 

where  /xgt  is  the  standard  state  chemical  potential  of  Pt,  aPt  is  the 
activity  of  Pt,  Vm  is  the  partial  molar  volume  of  Pt,  and  p  is  the 
pressure.  If  the  material  is  pure  Pt,  then  aPt  is  unity.  For  nanosize 
particles,  the  pressure  is  given  by  2 y/r,  where  r  is  the  particle  radius 
and  y  is  the  surface  energy.  Thus,  the  smaller  the  particle  size,  the 
higher  is  the  pressure  inside  the  particle,  the  higher  is  the  chemical 
potential,  and  the  greater  is  the  tendency  for  its  dissolution  and 
deposition  on  larger  particles. 

Eq.  (1)  is  very  general  in  that  the  sign  of  pressure  determines 
whether  it  will  increase  or  decrease  the  chemical  potential.  In  a 
sample  of  any  general  geometric  shape,  (locally)  positive  or  nega¬ 
tive  pressure  can  be  created  by  the  application  of  external  forces.  If 
the  pressure  is  positive  (compressive),  the  chemical  potential  will 


be  higher  compared  to  a  stress-free  material.  If  the  pressure  is  neg¬ 
ative  (tensile),  however,  the  chemical  potential  should  be  lower 
compared  to  a  stress-free  material.  The  effect  of  stress  on  elec¬ 
trode  potentials  of  metals  was  investigated  during  the  1950s  and 
1 960s,  primarily  to  determine  the  effect  of  stress  on  corrosion.  Sev¬ 
eral  authors  had  assumed  that  the  dominant  stress-related  term  in 
chemical  potential  is  the  strain  energy,  which  is  proportional  to  the 
square  of  stress  (or  the  square  of  pressure).  The  expectation  under 
this  assumption  was  that  electrode  potential  should  be  the  same 
in  both  tension  and  compression  for  a  given  magnitude  of  stress. 
However,  many  experimental  results  were  found  to  be  inconsistent 
with  this  expectation  [50,51  ].  It  was  in  fact  observed  that  the  sign 
of  electrode  potential  depended  upon  whether  the  applied  load 
was  tensile  or  compressive  [50,51].  Flood  [52]  in  a  classic  paper 
demonstrated  that  the  dominant  term  in  chemical  potential  is  in 
fact  linearly  related  to  pressure  (consistent  with  Eq.  (1)),  and  thus 
electrode  potential  is  expected  to  exhibit  a  reversal  in  sign  upon  a 
reversal  in  the  sign  of  stress  (tensile  or  compressive),  in  accord  with 
the  general  thermodynamic  theory  of  Gibbs.  This  result  is  actually 
not  surprising.  Indeed,  it  is  well  known  in  theories  of  creep  that 
matter  movement  occurs  from  regions  of  compression  to  regions 
of  tension. 

The  analysis  by  Flood  [52]  has  significant  bearing  on  the  role 
of  stress  on  catalyst  stability  and  specifically  on  the  design  of 
core-shell  catalysts.  Core-shell  catalysts  typically  consist  of  a  core 
and  a  shell  of  different  materials  but  generally  of  the  same  crys¬ 
tal  structure,  and  with  an  epitaxially  matched  interface.  The  lattice 
parameters  of  the  core  and  the  shell  determine  the  magnitudes 
and  the  signs  of  the  induced  stresses  in  the  shell  and  in  the  core 
of  a  core-shell  catalyst.  If  the  Pt  shell  is  under  greater  compression 
than  a  pure  Pt  catalyst  particle  of  the  same  diameter,  the  chemical 
potential  of  Pt  will  be  higher  in  the  shell  of  the  core-shell  cata¬ 
lyst  than  the  monolithic  Pt  catalyst.  Such  a  catalyst  should  exhibit 
increased  tendency  for  dissolution.  If  the  Pt  shell  is  under  reduced 
compression  (or  even  possibly  in  tension)  than  a  pure  Pt  catalyst  of 
the  same  diameter,  the  chemical  potential  of  Pt  in  the  shell  will  be 
lower  in  the  core-shell  catalyst  than  in  the  monolithic  Pt  catalyst 
of  the  same  diameter.  Such  a  catalyst  should  exhibit  decreased  ten¬ 
dency  for  dissolution  and  thus  should  exhibit  increased  stability.  An 
example  is  a  core  shell  catalyst  with  Pt  shell  and  Ag  or  Au  core.  Such 
core-shell  catalysts  should  be  inherently  more  stable  compared  to 
pure  Pt  catalysts  of  the  same  outer  diameter. 

The  objective  of  the  present  work  was  to  investigate  the  role 
of  stress  on  the  chemical  potential  of  Pt  using  an  electrochemical 
technique.  This  was  achieved  using  Pt  wires/foils  of  macroscopic 
dimensions  as  electrodes.  Implications  of  the  results  for  the  design 
of  core-shell  catalysts  for  PEMFC  are  discussed.  The  implications 
for  core-shell  catalysts  are  further  compared  with  some  recent  lit¬ 
erature  on  atomistic  level  (DFT)  calculations  of  core-shell  catalysts. 

2.  Theory 

Fig.  2  shows  a  schematic  of  the  experimental  set  up  used.  Plat¬ 
inum  (IV)  chloride  dissolved  in  DMSO  was  used  as  the  electrolyte 
to  investigate  the  effect  of  tensile  stress  on  electrode  potential. 
When  Pt  wire/foil  is  immersed  in  PtCl4/DMSO  solution  the  follow¬ 
ing  chemical  reaction  (locally)  is  expected  to  take  place 

Pt  +  PtCl4^  2PtCl2  (2) 

since  the  standard  Gibbs  free  energy  change  at  room  temperature 
for  the  above  reaction  is  -23.02  kj  mol-1  [53  ].  The  solubility  of  PtCl2 
in  DMSO  is  very  small.  The  electrolyte  will  thus  mainly  contain 
Pt4+  ions  with  a  small  concentration  of  Pt2+.  When  a  tensile  load 
is  applied  to  one  of  the  wires/foils,  the  chemical  potential  of  Pt  in 
the  stressed  wire/foil  will  decrease  and  platinum  ions  will  initially 
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Fig.  2.  A  schematic  of  the  experimental  setup  used.  For  the  measurement  of  voltage 
difference,  the  meter  used  was  a  high  impedance  meter.  For  the  measurement  of 
current,  the  meter  used  was  an  ammeter. 


transport  from  the  unstressed  platinum  wire/foil  to  the  stressed 
platinum  wire/foil  through  the  electrolyte.  Negligible  transport  of 
electrons  occurs  under  open  circuit  conditions  since  the  electronic 
conductivity  of  the  electrolyte  is  negligible.  The  transport  of  Pt2+ 
ions  shuts  down  as  soon  as  the  electrochemical  potentials  of  Pt2+ 
ions  in  both  the  stressed  and  the  unstressed  wires  become  equal, 
that  is 


.-.unstressed  _  .-.stressed 

AV+  “  *V+ 


(3) 


where  APt2+  =  /xpt2+  +  2 F@  is  the  electrochemical  potential  of  Pt2+, 
fipt2+  is  the  chemical  potential  of  Pt2+,  Fis  the  Faraday  constant,  and 
0  is  the  local  electrostatic  potential.  Now,  within  platinum  metal, 
the  reaction  Pt  Pt2+  +  2e'  is  at  equilibrium.  Thus, 


MPt  =  fipt2+  +  2 fie  =  APt 2+  +  2 Ae  =  APt2+  -  2 Fcp  (4) 

where 

V=-^  =  -^+0  (5) 

in  which  /xe  is  the  chemical  potential  of  electrons,  Ae  is  the  elec¬ 
trochemical  potential  of  electrons,  and  cp  is  the  experimentally 
measurable  electric  potential.  Thus,  the  electrochemical  potential 
of  platinum  ions  in  terms  of  the  chemical  potential  of  neutral  Pt 
and  the  measurable  electric  potential  is  given  by 


APt2+  =  MPt  -  2Ae  =  /xpt  +  2 Fcp  (6) 

The  electrochemical  potentials  of  Pt2+  in  the  unstressed  and  the 
stressed  Pt  wires  are  given  respectively  by 


unstressed 

Mpt2+ 


=  /Z£t  +  2F(p 


unstressed 


(7) 


and 


Apt2+ssed  =  Mpt  +  PVm  +  2F(pstressed  =  +  2F(pstressed  (8) 


Substituting  Eqs.  (7)  and  (8)  into  Eq.  (3)  gives 

2F((pStressed  _  ^unstressed)  =  _pym  =  _(Mpt  _  ^  (g) 

and 

(^stressed  _  ^unstressed)  =  A(p  =  _PYfL  =  _  ^Pt  ~  fk  (10) 

2  F  2  F 

That  is,  when  a  tensile  load  is  applied,  the  hydrostatic  pressure 
will  be  negative  which  makes  the  stressed  platinum  wire  positive 
(cathodic)  -  a  sort  of  stress-induced  cathodic  protection.  An  impor¬ 
tant  point  to  note  is  that  Eq.  (10)  is  independent  of  the  nature  of 
the  anion  (here  Cl-).  The  role  of  anion  will  be  only  in  the  kinetics 
of  transport,  but  not  in  thermodynamics. 


3.  Experimental  procedure 

Fig.  2  shows  the  experimental  setup  used.  Two  identical  plat¬ 
inum  wires  of  diameter  127  p,m  were  partially  immersed  in  0.1  M 
platinum  chloride  (PtCl4)/DMSO  solution.  The  distance  between 
the  two  wires  was  set  at  1  mm.  A  tensile  load  was  applied  to  one 
of  the  platinum  wires  using  a  pan  tied  to  it  and  the  other  one  was 
maintained  stress-free.  The  pan  attached  to  the  wire  was  passed 
over  a  pulley.  The  load  on  the  stressed  wire  was  varied  by  adding 
several  standard  weights  to  the  pan.  The  corresponding  stress 
was  varied  between  ~0MPa  and  ~210MPa.  Any  voltage  created 
between  the  wires  was  measured  using  an  electrometer  (Keith- 
ley  6514)  with  a  high  input  impedance  (200Tera£2).  In  another 
experiment  an  ammeter,  capable  of  measuring  current  in  the  pA 
range,  was  connected  between  the  two  wires  (effectively  exter¬ 
nally  shorting  the  two  wires)  and  the  current  passing  through  the 
external  circuit  was  measured  as  a  function  of  the  applied  mechan¬ 
ical  load.  The  corresponding  stress  was  varied  between  ~0MPa 
and  ~1 95  MPa.  Yield  stress  of  platinum  is  typically  ~1 00-1 80  MPa. 
Thus,  at  the  higher  values  of  the  applied  stress,  some  deformation 
(and  work-hardening)  is  expected.  However,  it  is  expected  that 
upon  work  hardening,  the  yield  stress  would  increase  and  the  sam¬ 
ple  will  be  still  in  the  elastic  regime  after  the  initial  deformation. 
Similar  experiments  were  also  conducted  using  two  identical  plat¬ 
inum  foils  of  thickness  127  p,m  and  width  0.5  cm  placed  1  mm  apart, 
partially  immersed  in  0.1  M  PtCl4/DMSO  solution.  Voltage  (open 
circuit)  and  current  (short  circuit)  were  measured  as  a  function  of 
the  applied  stress  ranging  between  0  and  9  MPa. 

In  order  to  investigate  the  effect  of  stress  on  the  kinetics  of 
transport  of  platinum  between  the  unstressed  and  the  stressed 
wires/foils  over  a  period  of  time,  the  same  setup  was  used  as  above. 
Two  identical  platinum  wires  were  partially  immersed  in  the  PtCl4 
electrolyte  solution  separated  by  a  distance  of  1  mm.  A  constant 
tensile  stress  of  1 53  MPa  was  applied  to  one  of  the  wires.  The  wires 
were  electrically  shorted  externally  to  provide  a  path  for  electrons. 
The  expectation  was  that  platinum  will  dissolve  at  the  unstressed 
wire  and  will  deposit  on  the  stressed  wire.  After  144h,  the  plat¬ 
inum  wires  were  cleaned  and  examined  under  a  scanning  electron 
microscope  (SEM).  A  similar  experiment  was  also  conducted  using 
platinum  foils  of  thickness  127  p,m  and  width  0.5  cm.  A  tensile 
stress  of  4.5  MPa  was  applied  for  144h.  The  platinum  foils  were 
then  cleaned  and  examined  under  an  SEM. 

Another  set  of  experiments  was  conducted  in  which  platinum 
wires  ranging  in  diameters  between  0.01  mm  and  0.6  mm  were 
used.  In  each  experiment  in  this  set,  the  two  electrodes  were  of 
identical  diameters.  For  a  given  wire  diameter,  the  voltage  between 
the  stressed  and  the  unstressed  wires  was  measured  as  a  function 
of  the  applied  tensile  stress.  These  experiments  were  conducted  in 
order  to  determine  the  possible  effect  of  the  wire  diameter  on  the 
dependence  of  voltage  on  the  applied  tensile  stress. 
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Fig.  3.  (a)  Variation  of  the  voltage  between  the  stressed  (positive)  and  the  unstressed 
Pt  wires  immersed  in  0.1  M  PtCl4/DMSO  solution  for  different  applied  loads,  (b) 
Variation  of  the  current  between  the  stressed  and  the  unstressed  platinum  wires 
immersed  in  0.1  M  PtCl4/DMSO  solution  for  different  applied  loads. 


4.  Results  and  discussion 

4.1.  Effect  of  stress  on  electrode  potential 


Fig.  4.  Variation  of  the  current  between  the  stressed  and  the  unstressed  Pt  foils 
immersed  in  0.1  M  PtCl4/DMSO  solution  for  different  applied  loads. 


eters.  In  each  case,  the  measured  voltage  varies  linearly  with  the 
applied  stress.  However,  the  voltage  difference,  A(p,  at  a  given  stress 
is  higher  for  wires  of  larger  diameters.  This  observation  can  be 
explained  on  the  basis  of  the  linear  elasticity  theory  [54].  For  an 
elastic  body  under  stress,  the  three  principal  stresses  in  the  Carte¬ 
sian  system  are  oxx,  oyy  and  ozz.  The  corresponding  hydrostatic 
pressure  is  given  by  [54] 

p=  Vxx  +  cryy-p  ozz 

The  corresponding  principal  strains  are  related  to  principal 
stresses  by  [54] 

£zz  —  -g(crxx  T  Oyy  )  (12) 

sxx  =  ^f-Vl{ayy+azz)  (13) 

and 

£yy=-]f-  |(Oxx  +  Gzz)  (14) 

where  v  is  the  Poisson’s  ratio  and  E  is  the  Young’s  modulus  of 
elasticity.  The  two  limiting  cases  in  elasticity  are  of  plane  strain  and 
plane  stress  [54].  Let  us  consider  the  application  of  a  uniaxial  load 
along  the  z  direction.  The  corresponding  stress  is 


Fig.  3(a)  and  (b)  shows  voltage  (open  circuit)  and  current  (short 
circuit)  vs.  time  plots  for  the  experiments  conducted  on  platinum 
wires  under  various  applied  tensile  loads  (stress  ranging  from  0 
to  210  MPa).  Under  no  applied  load,  the  voltage  across  the  two 
wires  was  near  zero  and  it  increased  to  ~3  mV  as  the  applied  stress 
was  increased  to  195  MPa.  The  wire  under  (tensile)  stress  became 
cathodic  (positive).  Similarly,  the  current  (when  shorted  externally) 
varied  between  zero  and  ~2  nA  when  the  applied  tensile  stress  was 
varied  between  zero  and  ~21 0  MPa.  In  both  experiments  as  soon  as 
the  applied  load  was  changed,  the  voltage/current  changed  sharply 
and  equilibrated  almost  instantaneously.  Fig.  4  shows  the  variation 
of  the  current  between  the  stressed  and  the  unstressed  platinum 
foils  as  a  function  of  time  for  different  applied  loads.  The  figure 
shows  a  discontinuity  in  the  plot  which  is  due  to  a  temporary  fail¬ 
ure  of  the  recording  software.  The  higher  measured  current  (as  high 
as  1 70  nA)  in  the  platinum  foil  experiment  is  attributed  to  the  larger 
effective  area  of  the  foils  as  compared  to  the  wires.  It  is  also  possible 
that  the  exchange  current  density  on  the  wire  surfaces  may  have 
been  different  than  on  foil  surfaces  due  to  possible  differences  in 
surface  features/characteristics.  Note  that  in  this  experiment  also 
the  current  stabilized  instantaneously  and  remained  stable  for  the 
duration  over  which  the  stress  was  maintained  constant. 

Fig.  5  shows  plots  of  the  measured  voltage  across  the  wires 
as  a  function  of  the  applied  tensile  stress  for  various  wire  diam- 


CTZZ  =  <? 

If  plane  strain  conditions  prevail, 


(15) 


£yy  =  £Xx  =  0  and  oyy  =  oxx 


(16) 


Thus, 

Syy  =  em  =  Q=af-  V-(ayy  +  0T)  =  a-f-  |(a„  +  a) 

which  gives  [54] 
vo 

°XX  =  Gyy  —  \  -  V 


(17) 


(18) 


Substituting  Eqs.  (15)  and  (18)  into  Eq.  (11 )  and  rearranging,  the 
hydrostatic  pressure  is  given  by  [54] 


P 


71  +  v\  a 
VT —p)  3 


(19) 


If  plane  stress  conditions  are  assumed,  however,  oyy  =  oxx  =  0, 
and  the  corresponding  hydrostatic  pressure  in  the  wire  is  given  by 
[54] 


a 


P  =  -3 


(20) 


It  is  well  known  in  the  theory  of  elasticity  that  for  very  thin 
foils/wires,  plane  stress  conditions  prevail,  and  for  very  thick 
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Fig.  5.  Voltage  between  the  stressed  (positive)  and  the  unstressed  wires  as  a  function  of  the  applied  tensile  stress  for  varying  wire  diameters.  The  intercept  is  ideally  zero. 
In  the  fitting  of  the  experimental  data,  the  very  small  nonzero  intercept  was  neglected  in  the  voltage  vs.  stress  equations  given  in  the  inset.  Slopes  give  voltage  coefficients 
per  unit  stress. 


plates/rods,  plane  strain  conditions  prevail  [54].  From  Eqs.  (10) 
and  (20),  the  difference  in  voltage  between  the  stressed  and  the 
unstressed  wires/foils  under  plane  stress  is  given  by 


-  MPt 

2  F 


=  <p(a)  -  <p( 0) 


A  cp  = 


VrnO_ 

2  F  3 


(21) 


where  A  cp  is  the  voltage  developed  between  the  stressed  and 
the  unstressed  wires/foils.  Here  platinum  ions  are  assumed  to  be 
in  +2  oxidation  state  even  when  the  salt  used  was  PtCl4  since 
locally  a  reaction  between  PtCl4  and  Pt  is  expected  to  form  Pt2+. 
The  theoretically  calculated  slope  of  A cp  vs.  o  from  Eq.  (21)  is 
1.57  x  10-11  VPa-1.  For  very  thick  wires,  the  prevailing  state  of 
stress  will  be  that  corresponding  to  plane  strain.  In  such  a  case, 
the  measured  voltage  will  be  given  by 


the  variation  of  the  measured  slopes  or  voltage  coefficients  per  unit 
stress  as  a  function  of  the  wire  diameter.  The  increase  in  slope  with 
increasing  diameter  is  in  accord  with  the  predictions  of  the  linear 
elasticity  theory.  The  present  results  also  show  that  a  wire  diameter 
of  0.6  mm  is  far  below  that  required  for  plane  strain  conditions  to 
prevail.  It  will  be  necessary  to  use  rods  of  much  larger  diameters  to 
reach  plane  strain  conditions.  This  was  beyond  the  practical  range 
of  the  current  experiments. 

The  present  results  also  show  that  the  dominant  electrode  reac¬ 
tions  are  Pt^Pt2+  +  2e'  (anodic)  at  the  unstressed  wire/foil  and 
Pt2+  +  2er^Pt  (cathodic)  at  the  (tensile)  stressed  wire/foil  even 
though  the  salt  was  PtCl4.  If  the  dominant  reactions  had  been 
Pt^Pt4+  +  4e/  and  Pt4+  +  4e'^Pt,  the  measured  A  cp  would  have 
been 


<p{cr)  ~  <Pi 0)  =  A <p  = 


Vm  (1  +  v)o 
2  F  (1  -  v)3 


(22) 


A 


(23) 


For  Pt,  the  Poisson’s  ratio  is  v^0.39.  The  estimated  slope  for 
plane  strain  from  Eq.  (22)  is  3.57  x  10-11  VPa-1.  The  measured 
slopes  of  the  plots  in  Fig.  5  range  between  ~1 .59  x  1 0-11  V  Pa-1  for 
a  10  micron  wire  diameter,  which  is  close  to  the  plane  stress  case, 
and  ~1.98  x  10-11  VPa-1  fora  0.6  mm  wire  diameter.  Fig.  6  shows 
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Fig.  6.  Variation  of  the  voltage  coeffient  per  unit  stress  as  a  function  of  the  diameter 
of  platinum  wire. 


or  half  the  observed  values.  If  both  reactions  had  occurred  to  com¬ 
parable  extents,  the  magnitude  of  the  measured  potential,  A  cp, 
would  have  been  between  the  values  given  by  Eqs.  (23)  and  (21), 
resulting  in  mixed  potential.  The  observation  that  the  measure¬ 
ments  are  in  agreement  with  Eq.  (21)  suggests  that  the  present 
results  were  not  influenced  by  any  mixed  potential  effects. 

4.2.  SEM  observations  of  wires  and  foils 

Fig.  7(a)  and  (b)  respectively  shows  SEM  micrographs  of  the 
unstressed  and  stressed  platinum  wires  (externally  shorted)  after 
144  h  of  treatment  in  0.1  M  PtCl4/DMSO  solution.  The  diameter 
of  the  unstressed  platinum  wire  immersed  in  the  solution  shrank 
from  127  p,m  to  122  p,m  and  that  of  the  stressed  wire  increased 
from  127  pum  to  134  p,m.  Fig.  7(b)  shows  part  of  the  stressed  wire 
that  was  not  immersed  in  the  electrolyte;  it  exhibited  no  change  in 
diameter.  Fig.  8(a)  and  (b)  respectively  show  SEM  micrographs  of 
the  cross  sections  of  the  unstressed  and  the  stressed  platinum  foils 
(externally  shorted)  after  144  h  of  treatment  in  0.1  M  PtCl4/DMSO 
solution.  The  thickness  of  the  unstressed  foil  shrank  from  127  pum  to 
116  fxm  and  that  of  the  stressed  foil  increased  from  127  p,m  to  about 
138  |jim.  Fig.  8(a)  shows  the  interface  region  where  the  top  portion 
of  the  unstressed  foil  was  outside  the  electrolyte  and  the  bottom 
portion  was  immersed  in  the  electrolyte.  The  volume  of  platinum 
deposited  on  the  stressed  wire/foil  will  be  the  same  as  the  volume  of 
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Fig.  7.  SEM  micrographs  of:  (a)  unstressed  platinum  wire  immersed  in  0.1  M  PtCl4/DMS0  electrolyte  for  144  h.  The  wire  diameter  shrank  to  ~120  |xm.  (b)  Stressed  platinum 
wire:  the  portion  of  platinum  wire  outside  the  electrolyte  (no  growth)  -  126  |jim,  and  stressed  platinum  wire  immersed  in  electrolyte  -  135  p,m  (wire  diameter  increased  to 
135  |jim). 


platinum  dissolved  at  the  unstressed  wire/foil.  In  the  experimental 
data,  it  seemed  that  the  decrease  in  the  unstressed  wire  diameter  is 
less  than  the  increase  in  the  diameter  of  the  stressed  wire.  Since  the 
volume  of  Pt  is  conserved,  this  observation  is  attributed  to  the  fact 
that  the  lengths  of  the  wires  immersed  in  the  solution  were  not  the 
same  for  the  two  wires  (the  unstressed  wire  was  a  bit  curled  and 
thus  a  little  longer  than  the  stressed  one  in  the  immersed  state). 

4.3.  The  sign  of  stress/potential  and  chemical  potential 

According  to  Eq.  (21)  the  application  of  a  tensile  load/stress 
(leading  to  negative  pressure)  to  a  platinum  wire/foil  lowers  the 
chemical  potential  of  Pt  compared  to  the  unstressed  wire/foil.  In 
some  of  the  literature,  it  has  been  often  assumed  that  applied  stress 
always  increases  the  chemical  potential  through  the  strain  energy 
term  [55].  This,  however,  is  incorrect.  Excellent  discussion  of  this 
point  has  been  given  by  Flood  several  decades  ago  [52].  The  analy¬ 
sis  by  Flood  [52]  is  in  agreement  with  the  original  analysis  by  Gibbs 
which  has  often  been  ignored  in  some  recent  literature  [55].  Also, 
experiments  conducted  on  pure  metals  over  60  years  ago  are  in 
accord  with  Flood’s  analysis  [50,51  ]  and  in  accord  with  the  predic¬ 
tions  of  thermodynamics.  Thus,  platinum  ions  tend  to  move  from 
higher  chemical  potential  of  neutral  Pt  or  Pt2+  (unstressed  wire/foil) 
to  lower  chemical  potential  of  neutral  Pt  or  Pt2+  (wire/foil  under  a 
tensile  stress).  As  the  electron  concentration  is  negligible  in  the 
electrolyte,  transport  of  Pt2+  shuts  down  when  the  electrochemical 
potential  of  Pt2+  becomes  equal  in  both  wires.  The  wire  subjected 
to  a  tensile  stress  develops  a  positive  potential  (becomes  cathodic) 


with  respect  to  the  unstressed  wire.  The  equilibrium  electric  poten¬ 
tial  difference  corresponds  to  the  difference  in  chemical  potentials 
of  Pt  and  is  given  by  Eq.  (21)  for  plane  stress  (thin  wire/foil)  or 
Eq.  (22)  for  plane  strain  (thick  wire/foil).  When  an  external  path 
is  provided  for  electrons  by  shorting  the  wires/foils,  the  circuit 
is  completed;  Pt  ions  move  from  the  unstressed  wire/foil  to  the 
stressed  (tensile)  wire/foil  through  the  electrolyte  and  electrons 
transport  from  the  unstressed  to  the  stressed  (tensile)  wire/foil 
in  the  external  circuit.  In  this  manner,  net  transport  of  neutral 
Pt  occurs  from  the  unstressed  wire/foil  to  the  stressed  (tensile) 
wire/foil.  This  results  in  the  thickening  of  the  stressed  (tensile) 
wire/foil  and  shrinking  of  the  unstressed  wire/foil,  as  observed  in 
the  present  experiments.  If  the  wire/foil  had  been  stressed  com¬ 
pressive  ly  (it  would  be  more  convenient  to  use  a  bar  instead  of 
wire/foil  to  prevent  buckling),  then  the  sign  of  the  voltage  devel¬ 
oped  would  have  been  opposite;  the  compressively  stressed  one 
would  have  been  negative  (anodic).  When  connected  externally, 
Pt  transport  would  occur  from  the  compressively  stressed  to  the 
unstressed  wire/foil. 

5.  Implications  concerning  core-shell  catalysts  for  PEMFC 

In  PEMFC  electrodes  catalyst  particles  are  supported  on  an  elec¬ 
tronically  conducting  carbon  support,  which  provides  an  electronic 
path.  Particle  growth  occurs  by  a  coupled  transport  of  Pt  ions 
through  the  liquid/ionomer  and  of  electrons  through  the  carbon 
support  [48].  The  present  results  and  the  preceding  discussion  sug¬ 
gest  an  approach  for  the  synthesis  of  durable  core-shell  catalysts. 


Fig.  8.  SEM  micrographs  of  foils  immersed  in  0.1  M  PtCl4/DMSO  electrolyte  for  144  h.  (a)  Cross-section  of  the  interface  of  the  unstressed  platinum  foil  where  the  top  portion 
of  the  foil  was  outside  the  electrolyte  (no  change)  and  the  bottom  portion  was  immersed  in  the  electrolyte  (where  dissolution  occurred).  The  thickness  reduced  to  ~1 16  p,m. 
(b)  Cross-section  of  stressed  platinum  foil  immersed  in  the  electrolyte.  The  thickness  increased  to  ~136  p,m. 
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Higher  Surface  Compression 
-  Faster  Catalyst  Degradation 


Fig.  9.  Schematics  of  (a)  monolithic  and  (b)  core-shell  catalyst  with  an  incoherent  interface.  Compressive  stress  in  the  shell  is  higher  than  the  compressive  stress  in  a 
monolithic  catalyst  particle.  Such  a  catalyst  should  be  less  stable  against  dissolution  compared  to  the  monolithic  particle. 


Much  of  the  reported  work  on  core-shell  catalysts  has  been  primar¬ 
ily  conducted  with  the  objective  of  decreasing  the  Pt  loading  and 
also  enhancing  the  catalyst  activity  [1,9,12,13].  While  stability  is 
well  recognized  as  an  important  consideration,  clear  design  strate¬ 
gies  had  not  been  defined.  Many  recent  studies  have  addressed 
stability  of  core-shell  catalysts  [16-19,22,25,28,34].  The  majority 
of  the  studies  are  either  (out-of-cell)  experimental  in  which  catalyst 
performance  is  investigated  using  cyclic  voltammetry  or  theoret¬ 
ical  in  which  stability  is  inferred  on  the  basis  of  DFT  calculations 
[34].  The  present  results  suggest  that  if  a  tensile  stress  (or  reduced 
compression)  exists  in  the  Pt  shell  as  compared  to  a  pure  Pt  parti¬ 
cle,  its  chemical  potential  will  be  lowered  and  its  stability  against 
dissolution  will  be  increased.  In  many  core-shell  catalyst  studies, 
the  nature  of  the  core-shell  interface  has  not  been  discussed  in  the 
literature.  For  example,  in  some  studies  the  Pt  shell  was  deposited 
on  a  core  of  a  material  of  a  different  crystal  structure  leading  to 
an  incoherent  interface.  Fig.  9  compares  a  monolithic  Pt  catalyst 
with  a  core-shell  catalyst  having  an  incoherent  interface.  In  such  a 
case,  the  compressive  stress  in  the  Pt  shell  will  be  higher  than  in  a 
monolithic  Pt  catalyst.  The  pressure  in  the  shell  is  given  by 


2  y  2  yintrc 
r  r2 


(24) 


where  rc  is  the  core  radius,  r  is  the  outer  radius  and  yint  is  the 
interfacial  energy  between  the  core  and  the  shell.  If,  however,  the 
core-shell  interface  is  perfectly  coherent,  yint  is  negligible,  and  if 
the  lattice  parameter  of  the  core  is  larger  than  the  Pt  shell,  such 
as  with  Ag  or  Au  core,  the  corresponding  comparison  between  a 
monolithic  Pt  particle  and  a  core-shell  catalyst  is  shown  in  Fig.  10. 
The  corresponding  state  of  stress  in  the  shell  is  given  by 


(25) 


where  aee  =  o ^  are  principal  (angular,  using  a  spherical  polar  coor¬ 
dinate  system)  stresses  in  the  shell  caused  by  the  lattice  mismatch 
between  the  shell  and  the  core  [54].  At  the  surface,  the  state  of  stress 
is  symmetric  bi-axial  (with  the  radial  stress,  crrr,  on  the  surface  of 
the  shell  being  zero).  The  corresponding  chemical  potential  of  Pt  in 
the  shell  is 

V-  Pt(r)  =  M?t+(^-^)vm  (26) 

Note  that  if  tensile  stresses  are  created  in  the  shell  due  to  lat¬ 
tice  parameter  mismatch,  we  have  aee  =  o ^  >  0.  In  such  a  case,  the 
chemical  potential  of  Pt  in  the  shell  of  such  a  core  shell  catalyst  will 
be  lower  than  the  corresponding  monolithic  Pt  catalyst  particle  of 


the  same  radius.  The  difference  in  chemical  potentials  between  the 
shell  of  a  core-shell  catalyst  and  a  monolithic  Pt  catalyst  is  given 
by 


AAipt(r)  =  -(^)v’m  (27) 

If  the  core  and  the  shell  are  of  the  same  crystal  structure,  a  coher¬ 
ent  interface  between  the  core  and  the  shell  is  expected  (assuming 
lattice  parameter  mismatch  is  not  too  large  and  the  shell  is  thin). 
Pt  is  f.c.c.  (A1  structure).  Other  metals  belonging  to  the  same  struc¬ 
ture  are  Ag,  Au,  Cu,  Pd,  Ni,  Co  (when  existing  as  small  particles),  etc. 
Lattice  parameters  of  Cu,  Ni,  Co  are  smaller  than  that  of  Pt.  Thus, 
core-shell  catalysts  made  with  these  metals  as  the  core  will  have 
the  Pt  shell  in  additional  compression  due  to  the  lattice  mismatch. 
This  compressive  stress  will  be  in  addition  to  the  2 y\r  pressure 
created  by  the  surface  energy  term  (Gibbs-Thompson  effect).  The 
prediction  thus  is  that  core-shell  catalysts  made  with  Cu  or  Ni  or 
Co  as  core  will  tend  to  be  less  stable  compared  to  pure  Pt  cat¬ 
alyst.  If,  however,  core-shell  catalysts  are  made  with  Ag  or  Au 
as  the  core  which  have  larger  lattice  parameters  than  Pt,  the  Pt 
shell  will  be  under  a  tensile  stress  (or  reduced  compression).  Such 
core-shell  catalysts  will  be  more  stable  against  dissolution  com¬ 
pared  to  monolithic  Pt  catalysts  (Fig.  10). 

The  magnitude  of  the  tensile  stress  in  the  Pt  shell  depends  upon 
the  difference  in  the  lattice  parameters,  the  elastic  properties  and 
particle/shell  dimensions.  The  lattice  parameter  of  Pt  is  0.3923  nm 
and  that  of  Ag  is  0.40863  nm.  The  corresponding  strain  in  a  thin  shell 
of  the  Ag  core-Pt  shell  catalyst  is  on  the  order  of  ~4%.  The  Young’s 
modulus  of  Pt  is  168  GPa.  A  hydrostatic  tensile  stress  on  the  order 
of  ~4  GPa  can  be  expected  in  the  shell  of  Pt.  Such  a  high  stress 
is  possible  if  the  interface  is  perfectly  coherent  with  no  disloca¬ 
tions  present.  The  corresponding  EMF  is  given  by  A(p  =  (<jhVm)l{2F) 
or  ~  190  mV  as  compared  to  a  monolithic  Pt  catalyst.  This  means 
cathodic  protection  of  Ag  core-Pt  shell  catalysts  by  ~  190  mV  com¬ 
pared  to  monolithic  Pt  catalysts.  This  is  a  very  significant  effect.  It 
implies  that  the  stability  of  the  Pt-shell  Ag-core  (Ag@Pt)  catalyst 
may  be  enhanced  by  ~190  mV  in  comparison  to  monolithic  Pt  cat¬ 
alysts.  Thus,  core-shell  catalysts  with  Ag  as  the  core  will  lower  the 
chemical  potential  of  Pt  in  the  shell.  Therefore,  the  prediction  is  that 
Ag-core-Pt-shell  (Ag@Pt)  catalysts  will  be  more  stable  than  pure  Pt 
catalysts.  Preliminary  experiments  have  in  fact  shown  that  Ag/Pt 
core-shell  (Ag@Pt)  catalysts  are  more  stable  than  pure  Pt  catalysts 
[56]. 

Recently,  Ramirez-Caballero  et  al.  [34]  conducted  detailed  DFT 
calculations  of  core-shell  catalysts.  In  their  work  relative  stability 
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Fig.  10.  Schematic  of  a  core-shell  catalyst  with  a  coherent  interface.  Compressive  stress  in  the  shell  is  lower  than  the  compressive  stress  in  a  monolithic  particle.  Such  a 
catalyst  should  be  more  stable  against  dissolution  compared  to  the  monolithic  particle. 


Table  1 

Comparison  of  the  estimates  of  relative  stability  (+)/instability  (-)  of  core-shell  catalysts  based  on  the  DFT  calculations  of  Ramirez-Caballero  et  al.  [34]  and  the  present  results 
based  on  a  thermodynamic  analysis. 


Core/(Pt)  shell  catalyst 

DFT  calculations  of  Ramirez  Caballero  et  al.  [34] 

Relative  stability  (+) 

Instability  (-)  of  Pt  shell  In  volts 

Present  results  based  on  a  thermodynamic  analysis 
Relative  stability  (+) 

Instability  (-)  of  Pt  shell  In  volts 

Ag@Pt 

+0.20 

+0.19 

Au@Pt 

+0.16 

+0.18 

Co@Pt 

-0.59 

-0.50 

Ni@Pt 

-0.60 

-0.52 

Cu@Pt 

-0.084 

-0.40 

Pd@Pt 

+0.15 

-0.04 

of  core-shell  catalysts  was  investigated.  In  DFT  calculations,  the 
possible  effects  of  stress  are  not  separately  accounted  for.  However, 
the  energy  minimization  schemes  used  in  such  calculations  include 
all  effects,  including  the  effect  of  stress.  Ramirez-Caballero  et  al.  [34] 
estimated  that  Pt-shell/Ag-core  (Ag@Pt)  catalysts  should  increase 
the  stability  of  core-shell  catalysts  by  ~200  mV.  Thus,  these  DFT 
calculations  [34]  and  the  results  of  continuum  modeling  based  on 
thermodynamics  presented  here  are  in  very  good  agreement. 

The  lattice  parameters  of  Au,  Co,  Ni,  and  Cu  are  respectively, 
0.40786  nm,  0.3544  nm,  0.35239  nm,  and  0.36148  nm.  Similar  cal¬ 
culations  as  above  give  A(p  =  (crhVm)l(2F)  of  ~180mV,  — 500 mV, 
— 520  mV,  and  — 400  mV,  respectively.  That  is,  according  to 
the  present  calculations,  stability  of  Au@Pt  will  be  enhanced  by 
~180mV  with  respect  to  monolithic  Pt  catalysts.  However,  sta¬ 
bility  of  Co@Pt,  Ni@Pt  and  Cu@Pt  will  be  decreased  by  ~500  mV, 
~520  mV,  and  ~400  mV,  respectively.  DFT  calculations  of  Ramirez- 
Caballero  et  al.  [34]  show  that  for  Au@Pt  the  stability  is  increased  by 
~  1 60  mV.  By  contrast,  stabilities  of  Co@Pt,  Ni@Pt,  and  Cu@Pt  will  be 
decreased  by  ~590  mV,  ~600  mV,  and  ~84  mV,  respectively.  With 
the  exception  of  the  Cu@Pt,  the  results  of  present  calculations  based 
on  a  thermodynamic  analysis  are  in  good  agreement  with  the  DFT 
calculations  of  Ramirez-Caballero  et  al.  [34].  Also,  DFT  calculations 
show  Pd@Pt  should  be  more  resistant  to  dissolution  than  mono¬ 
lithic  Pt  catalysts.  Since  the  lattice  parameters  of  Pd  and  Pt  are  about 
the  same  (Pd  is  slightly  smaller),  the  present  work,  by  contrast, 
predicts  little  effect  of  stress  in  Pd@Pt.  However,  it  is  to  be  noted 
that  the  thermodynamic  analysis  presented  here  can  only  address 
the  effect  of  stress.  It  cannot  address  possible  chemical/electronic 
interactions  between  the  shell  and  the  core,  for  example  the  shift 
of  the  d-band  center,  which  are  included  in  the  DFT  calculations 
[34].  Thus,  differences  in  Cu@Pt  and  Pd@Pt  may  well  be  related  to 
electronic/chemical  effects  as  discussed  by  Ramirez-Caballero  et  al. 
[34].  The  comparison  between  the  present  work  and  the  results  of 
Ramirez-Caballero  et  al.  [34]  nevertheless  shows  that  probably  the 
stress  effect  is  more  dominant.  The  results  of  these  estimates  are 
also  listed  in  Table  1.  These  results  also  show  that  thermodynamic 
analysis  based  on  continuum  modeling  is  useful  for  the  design  of 
materials  and  catalysts  in  the  nanoscale  range. 


Recent  work  by  Sasaki  et  al.  [57]  has  shown  that  Pd@Pt  cat¬ 
alysts  undergo  leaching  of  Pd-core.  These  authors  have  reported 
stable  Pd-core  catalysts  with  monolayer  Pt  shell.  It  is  to  be  noted, 
however,  that  studies  by  Sasaki  were  conducted  for  relatively  short 
periods  of  time  (albeit  several  thousands  of  cycles).  For  long  term 
applications  in  the  actual  PEMFC,  it  is  equally  or  more  important 
to  conduct  tests  for  thousands  of  hours.  No  such  information  on 
Pd@Pt  is  currently  available.  Thus,  long  term  stability  of  Pd@Pt  in 
actual  fuel  cells  under  realistic  operating  conditions  still  remains 
to  be  demonstrated. 

In  the  present  work,  a  simple  relation  for  the  pressure  generated 
due  to  surface  energy,  2 y/r,  was  assumed  for  nanosize  particles. 
Many  recent  studies  have  used  equations  of  state  which  incorporate 
crystallographic  orientation  dependence  of  surface  energies.  This 
may  be  especially  important  for  very  small  atom  clusters,  which 
display  various  shapes  depending  upon  the  number  of  atoms  in 
the  cluster  [58-60].  However,  there  also  are  numerous  studies  on 
nanosize  particles  which  assume  an  isotropic  surface  energy.  This 
simple  assumption  is  found  to  be  quite  reasonable  for  particles 
2  nm  and  larger  as  evidenced  by  their  often  observed  near  spherical 
shape,  typical  of  PEMFC  catalysts.  A  more  refined  estimate,  while 
still  assuming  isotropic  surface  energy,  is  the  inclusion  of  the  size 
dependence  of  the  surface  energy  itself.  For  example,  several  stud¬ 
ies  have  shown  that  for  very  small  particles,  y  itself  is  a  function  of 
the  particle  size,  r,  that  is  y(r)  [61-64].  Then  the  pressure  created 
by  the  surface  energy  term  is  2 y(r)/r. 

6.  Summary 

The  effect  of  applied  stress  on  the  chemical  potential  of  Pt  was 
measured  using  an  electrochemical  cell.  Two  platinum  wires/foils 
were  immersed  in  a  PtCLj/DMSO  solution.  One  of  the  wires/foils 
was  subjected  to  a  tensile  stress  while  the  other  one  was  left 
load  free.  It  was  observed  that  the  wire/foil  subjected  to  a  ten¬ 
sile  stress  developed  a  positive  electric  potential  compared  to  the 
unstressed  one,  indicating  that  the  application  of  a  tensile  stress 
decreases  the  chemical  potential  of  platinum.  This  result  is  in 
accord  with  the  thermodynamic  theory  of  Gibbs  and  the  analy- 
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sis  given  by  Flood  [52].  The  measured  voltage  coefficient  per  unit 
stress  increased  with  increasing  wire  diameter.  For  wires  of  the 
smallest  diameter  used,  the  voltage  coefficient  per  unit  stress  cor¬ 
responded  to  the  state  of  plane  stress.  The  voltage  developed  per 
unit  stress  increased  with  increasing  wire  diameter.  Increasing 
voltage  coefficient  per  unit  stress  with  increasing  diameter  is  in 
accord  with  the  predictions  of  linear  elasticity  that  a  transition 
from  plane  stress  to  plane  strain  should  occur  when  using  rods 
of  sufficiently  large  diameters.  When  the  wires/foils  were  con¬ 
nected  externally,  the  diameter/thickness  of  the  one  under  tensile 
stress  grew  while  the  diameter/thickness  of  the  unstressed  one 
shrank. 

These  results  suggest  an  approach  for  the  development  of  sta¬ 
ble  cathode  catalysts  for  PEMFC  [65].  The  present  work  shows 
that  core-shell  catalysts  consisting  of  a  core  and  a  Pt  shell  hav¬ 
ing  the  same  crystal  structures,  the  Pt  shell  having  a  smaller  lattice 
parameter  than  the  core,  and  the  Pt  shell  epitaxially  matched  to 
the  core  will  result  in  a  tensile  stress  (or  reduced  compression) 
in  the  Pt  shell.  Such  core-shell  catalysts  should  be  inherently 
more  stable  as  the  tensile  stress  in  the  Pt  shell  will  lower  its 
chemical  potential  and  decrease  its  tendency  for  dissolution.  The 
predictions  of  the  stability  of  Ag@Pt  core-shell  catalysts  based  on 
the  effect  of  tensile  stress  in  the  shell  in  the  present  work  are 
consistent  with  DFT  calculations  reported  in  the  literature  [34]. 
Both  the  DFT  calculations  [34]  and  the  present  thermodynamic 
analysis  predict  a  stability  of  Ag@Pt  against  dissolution  by  about 
~1 90-200  mV.  The  present  work  thus  also  demonstrates  the  utility 
of  continuum  thermodynamic  modeling  in  the  design  of  nanoscale 
materials. 
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